Water transport across cellular membranes is mediated by a family of membrane proteins known as AQPs (aquaporins). AQPs were first discovered on the basis of their ability to be inhibited by mercurial compounds, an experiment which has followed the AQP field ever since. Although mercury inhibition is most common, many AQPs are mercury insensitive. In plants, regulation of AQPs is important in order to cope with environmental changes. Plant plasma membrane AQPs are known to be gated by phosphorylation, pH and Ca 2 + . We have previously solved the structure of the spinach AQP SoPIP2;1 (Spinacia oleracea plasma membrane intrinsic protein 2;1) in closed and open conformations and proposed a mechanism for how this gating can be achieved. To study the effect of mercury on SoPIP2;1 we solved the structure of the SoPIP2;1-mercury complex and characterized the water transport ability using proteoliposomes. The structure revealed mercury binding to three out of four cysteine residues. In contrast to what is normally seen for AQPs, mercury increased the water transport rate of SoPIP2;1, an effect which could not be attributed to any of the cysteine residues. This indicates that other factors might influence the effect of mercury on SoPIP2;1, one of which could be the properties of the lipid bilayer.
INTRODUCTION
Water flow across cellular membranes is a fundamental process of all living cells and is mediated by a highly conserved family of integral membrane proteins known as AQPs (aquaporins). AQPs are tetramers with each protomer functioning as an individual channel, consisting of six TM (transmembrane) helices and two half-membrane-spanning helices ( Figure 1A ). The two halfmembrane-spanning helices meet in the middle of the membrane where their dipole moment together with the NPA region (AsnPro-Ala, AQP signature motif) serves to efficiently prevent proton transport ( Figure 1B) . Members of the AQP family can be divided into orthodox AQPs which transport water only and aquaglyceroporins which are permeable for other small solutes such as glycerol or urea, with the two subgroups differing in composition of the pore selectivity filter known as the ar/R (aromatic/arginine region) [1] .
AQP-mediated water transport was first discovered following the observation that mercurial compounds reversibly inhibit water transport across the membrane of red blood cells [2] . This allowed for the identification of the first AQP, AQP1 [3] . Since then, mercury inhibition has been a key experiment in order to characterize the AQP channel and to identify AQP-mediated water transport in numerous tissues and organisms [4] [5] [6] [7] . Mercury preferentially binds to the thiol group of cysteine residues. In AQP1, the cysteine residue responsible for mercury inhibition has been identified as Cys 189 within the water-conducting pore [8] . Structural studies of AQPZ from Escherichia coli mutated to imitate the cysteine pattern of AQP1 showed that when mercury binds, the pore is sterically occluded [9] . Alternatively, MD (molecular dynamics) simulations have suggested that mercury inhibition is a result of a collapse of the ar/R [10] . In cases where Cys 189 is missing other cysteine residues in the vicinity are thought to be responsible for the inhibition [11] [12] [13] [14] . Although most AQPs are inhibited by mercury, many AQPs are in fact insensitive [15] [16] [17] [18] . These AQPs typically lack a cysteine residue at a critical position within the water-conducting pore.
Plants depend on their ability to adapt to changes in water supply and express a large number of AQP isoforms (35 isoforms in the model plant Arabidopsis thaliana compared with only 13 in humans) [19] . In addition, many plant AQPs are gated in response to environmental stress [20] . Gating of the AQPs situated in the plant plasma membrane (PIPs; plasma membrane intrinsic proteins) have been shown to be mediated by phosphorylation [21] , pH [22] [23] [24] [25] and Ca 2 + [23, 24] levels. We previously solved the crystal structure of the AQP SoPIP2;1 from Spinacia oleracea in both open and closed conformations, revealing how gating is mediated by a conformational change of the cytoplasmic loop D. In the closed conformation, water transport is blocked through the insertion of Leu 197 into the cytoplasmic opening of the pore, whereas in the open state, a half-turn extension of TM helix 5 displaces loop D and thereby Leu 197 to allow passage of water ( Figure 1C ) [26] . This allowed us to propose a mechanism for gating by phosphorylation and pH in response to drought and flooding respectively. Both events involve a divalent cation-binding site at the N-terminus, occupied by Cd 2 + in the structure, but presumed to bind Ca Abbreviations used: AQP, aquaporin; ar/R, aromatic/arginine region; MD, molecular dynamics; P f , osmotic permeability coefficient; PIP, plasma membrane intrinsic protein; So, Spinacia oleracea; TIP, tonoplast intrinsic protein; TM, transmembrane; β-OG, octyl-β-glucanpyranoside. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email tornroth@chem.gu.se).
The structural co-ordinates of the SoPIP2;1-mercury complex will appear in the PDB under accession code 4JC6. 274 is conserved in the PIP2 subfamily, the proposed mechanism is likely to be universal for these plant AQPs. The proposed gating mechanism of PIPs allows for each gating event to be explained individually. However, in the living plant cell, a multitude of sometimes contradictory signals is likely to be in effect simultaneously. Therefore, rather than a simple on/off scenario, the gating of the channel is better viewed as an equilibrium between the two channel states being pushed in a certain direction by the different gating signals.
As with AQPs in general, PIPs are either inhibited by mercury or insensitive to its effect. In contrast with several mammalian AQPs (AQP1 [8] , AQP2 [28] and AQP3 [29] ) as well as plant AQPs found in the tonoplast membrane (TIPs; tonoplast intrinsic proteins) [4] , the cysteine residues responsible for mercury inhibition of PIPs have not yet been identified. In fact, despite containing the same cysteine pattern, some PIPs are inhibited by mercury, whereas others are not [30] .
In order to elucidate whether the effect of mercury on PIPs could be coupled with the gating mechanism, we set out to characterize the interaction between mercury and SoPIP2;1, structurally as well as functionally. In the present study, we present the 2.15 Å (1 Å = 0.1 nm) crystal structure of the SoPIP2;1-mercury complex, revealing binding to three out of four cysteine residues. Surprisingly, water transport assays using proteoliposomes showed that mercury activates SoPIP2;1. However, mutational studies in which the mercury-binding cysteine residues are replaced by serine failed to identify any of these as being involved in the mercury activation. We therefore conclude that cysteine residues alone cannot account for the effect of mercury on PIPs and that other factors must be taken into consideration.
EXPERIMENTAL

Cloning, expression and purification
SoPIP2;1 mutants were created by vector PCR as described in [31] using QuikChange ® Site-Directed Mutagenesis Kit (Stratagene). The constructs were transformed into the X33 AQY1 strain of Pichia pastoris. For wild-type SoPIP2;1, previously obtained clones were used [32] . Overexpression and purification was carried out as described previously [31] (for details see Supplementary Online Data at http://www.biochemj.org/bj/ 454/bj4540491add.htm).
Crystallization
A protein solution of 15 mg/ml was incubated with 5 mM HgCl 2 overnight on ice, followed by washing to remove excess HgCl 2. After re-concentration, crystallization set-ups were made using the hanging drop vapour diffusion method (for details see Supplementary Online Data). Boat-shaped crystals appeared after a few weeks and were fished and flash-frozen in liquid nitrogen without any additional cryo-protectant.
Data collection and structure solving
Diffraction data were collected at National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, U.S.A. The structure was solved with molecular replacement. A solution containing two tetramers in the asymmetric unit was found using a tetramer of the closed wild-type structure of SoPIP2;1 (PDB code 1Z98) as a search model. The initial model was subjected to iterative rounds of refinement and model building, resulting in a final R work and R free of 19.5 and 22.6 % respectively. Statistics for the data collection, refinement and model can be found in Table 1 .
More details are given in the Supplementary Online Data.
Activity assays
Proteoliposomes containing the different SoPIP2;1 constructs were prepared as described in the Supplementary Online Data. The osmotic permeability of the vesicles with and without the addition of 0.5 mM mercury chloride was measured using stopped-flow spectroscopy (μSFM-20, BioLogic Science Instruments). The P f [osmotic permeability coefficient (cm/s)] value was calculated according to
is the fitted rate constant, (S/V 0 ) is the vesicle external surface to internal initial volume ratio, V w is the partial molar volume of water (18 cm 3 /mol) and C out is the external osmolality (350 mOsm/kg) [33] . Vesicle size was measured using dynamic light scattering (Malvern DLS). A t test was performed to evaluate the difference in transport rate between wild-type SoPIP2;1 and its mutants. Since the variances are assumed to be unequal a Welch's t test was used. Differences was assumed to be significant when P < 0.05. For more details see Supplementary Online Data.
RESULTS AND DISCUSSION
Overall structure of the SoPIP2;1-Hg complex
The crystal structure of SoPIP2;1-Hg (SoPIP2;1 in complex with mercury) was solved at 2.15 Å resolution by molecular replacement using the closed structure of SoPIP2;1 as the model (PDB code 1Z98) ( Table 1 ) [26] . The overall structure of SoPIP2;1-Hg is very similar to the closed structure of SoPIP2;1; the two structures overlay with a RMSD of 0.26 Å for 996 Cα atoms ( Figure 2A ). In all eight protomers, loop D adopts the closed conformation, efficiently blocking water transport through the channel by inserting Leu 197 into its cytoplasmic opening. Within each water-conducting channel, seven water molecules line up in a single file as seen previously in our closed structure of SoPIP2;1 [26] .
Eleven β-OG (octyl-β-glucanpyranoside) molecules are seen surrounding the two tetramers in the asymmetric unit, several of which are participating in crystal contacts (Figures 2B and 2C). The two tetramers contain six and five β-OG molecules respectively. These are unevenly distributed between protomers with four protomers binding two molecules, three protomers binding one molecule and one protomer not binding any. All β-OG molecules interact with the same region of the protein, residues 239-241 at the extracellular side of TM helix 6, either through hydrogen bonds with the carbonyl oxygens or via stacking interactions with tryptophan side chains.
The central pore contains a detergent molecule
AQPs have an inherent tendency to crystallize with the fourfold axis of the tetramer coinciding with a four-fold crystal symmetry axis, making interpretation of electron density in this area difficult. Since the SoPIP2;1-Hg complex crystallizes in space group P2 1 2 1 2 1 which lacks four-fold symmetry, this limitation is avoided. A continuous stretch of elongated electron density can be seen at the cytoplasmic side of the central pore in both tetramers. Previously, lipids have been identified at this position in the structures of human AQP5 [34] (PSF) and AQPZ from E. coli [35] (PEE). However, a lipid molecule is too long to fit the electron density in the SoPIP2;1-Hg structure. Instead, the electron density is modelled as a β-OG molecule for which the hydrocarbon tail fits perfectly in length ( Figure 2D ).
The hydrophobic central pore of AQPs has been suggested to conduct gases such as CO 2 , NO and NH 3 [36] . However, owing to experimental difficulties this remains a controversial topic [37] . In the case of human AQP5, the presence of a lipid originating from the native membrane in the central pore suggests that this AQP does not participate in CO 2 transport due to steric hindrance [34]. Our observation of a detergent molecule instead of a lipid at this position in the SoPIP2;1-Hg structure indicates that, at least from a steric point of view, CO 2 transport through the central pore of SoPIP2;1 could be possible.
Mercury binds to three out of four cysteine residues
In the SoPIP2;1-Hg structure, mercury binds to three out of four cysteine residues: Cys 91 at the C-terminal end of TM helix 2, as well as Cys 127 and Cys 132 , both in TM helix 3 ( Figure 3A ). The occupancy for the mercury atoms varies between 0.12 and 0.6 with the vast majority having occupancy between 0.5 and 0.6. For Cys 132 , the side chain is seen to adopt two conformations, resulting in a second minor mercury site with an average occupancy of 0.2. Although the mercury atoms bound to Cys 127 and Cys 132 binds between protomers in the tetramer and are exposed to the membrane region, the mercury bound to Cys 91 is buried within the protein, close to the N-terminal end of loop D, with Thr 178 as an additional ligand ( Figure 3B ).
The fourth cysteine residue with no mercury bound, Cys 69 , is situated in the extracellular loop A, close to the centre of the tetramer ( Figure 3A) . As in the closed structure of SoPIP2;1, this residue is forming a disulfide bridge with the corresponding amino acid in a neighbouring protomer, hence making it unavailable for mercury binding. Functional studies of PIPs from Zea mays have confirmed the participation of this residue in disulfide formation between protomers in vivo [38] . Interestingly, in the same study, mutation of this cysteine residue to serine in ZmPIP1;2 was seen to be involved in mercury inhibition of a heterotetramer of ZmPIP1;2 and ZmPIP2;5 expressed in oocytes. In contrast, the corresponding mutant of ZmPIP2;5 had no effect on the mercury sensitivity of either the heterotetramer or a homotetramer consisting of ZmPIP2;5 only. ion is co-ordinating a hydrogen-bonding network which keeps loop D in its closed conformation, connecting loop D to the Nterminus via interactions with loop B. This network is central to the proposed mechanism for gating by phosphorylation in which phosphorylation of Ser 115 in loop B causes a disruption of the hydrogen-bonding network, thereby releasing loop D from its anchor [26] .
In the 2F o -F c electron density map, a strong peak (>13σ ), interpreted as a second Cd 2 + ion, is found between the C-terminus and loop D in each protomer ( Figure 3B) . A corresponding peak is also present in the anomalous density map, being of similar magnitude (>5σ ) as the peak for the Cd 2 + ion at the N-terminus ( Figure 3C ). The second Cd 2 + ion has an average occupancy Although not modelled in the first closed structure of SoPIP2;1, a re-examination of the anomalous density map suggests that a second Cd 2 + ion is present there as well with partial occupancy. As proposed for the N-terminal Cd 2 + site, the C-terminal site most likely binds Ca 2 + in vivo. The presence of two Ca 2 + -binding sites in PIPs is supported by studies on Ca 2 + inhibition of the water transport in Beta vulgaris storage roots in which a biphasic dose-response curve was found [23] . This led to the suggestion that PIPs contain two Ca 2 + -binding sites; a higher-affinity site in nanomolar range and a second weaker site in the micromolar range, both situated on the cytoplasmic side of the protein. This fits well with the two sites now identified in the SoPIP2;1-Hg structure.
The biological relevance for the C-terminal Ca 2 + site could be to stabilize the C-terminus for gating purposes. Gating of SoPIP2;1 by phosphorylation involves Ser 274 on the C-terminus, a residue conserved in PIP2s [21] and Ser 274 causes the C-terminus to be disordered thus this interaction is lost. Since the new Cd 2 + site in the SoPIP2;1-Hg structure connects the C-terminus and loop D, it is possible that it stabilizes the C-terminus in order to allow for this interaction to occur. In fact, in all SoPIP2;1 structures without Cd 2 + solved to date, the C-terminus has been disordered beyond residue 268 [27, 31] .
SoPIP2;1 is activated by mercury
In order to investigate the effect of mercury on SoPIP2;1, we measured the water transport rate in a liposome swelling assay. In this assay, the P f value of proteoliposomes containing SoPIP2;1 was determined in the absence and presence of 0.5 mM HgCl 2 using stopped-flow spectroscopy. Surprisingly, when HgCl 2 was present, a higher water transport rate through SoPIP2;1 was observed ( Figure 4A ). The P f value for SoPIP2;1-containing liposomes increased from 38.6 + − 4.86 μm/s to 77.0 + − 4.16 μm/s, resulting in a total increase in water transport rate of 99.5 % ( Figure 4B ). The increase in water permeability was fully reversible with 2-mercaptoethanol. The P f value for control liposomes without SoPIP2;1 was 15.8 + − 0.31 μm/s.
We have shown previously that a serine-to-glutamate mutation designed to mimic phosphorylation of Ser 188 in loop D (SoPIP2;1 S188E) displays an increased water transport rate in liposome assays compared with wild-type SoPIP2;1 [31] , suggesting that this mutant is locked in an open state. MD simulations showed that when this residue was phosphorylated, a conformational change of loop D led to channel opening via interactions with the C-terminus.
To determine whether the increased water transport rate through SoPIP2;1 after mercury treatment is comparable with that of SoPIP2;1 locked in an open conformation, we performed the same assay on the SoPIP2;1 S188E mutant. Mercury had very little effect on the water transport rate through SoPIP2;1 S188E, the P f increased only 21.2 % from 63.8 + − 5.01 μm/s to 77.3 + − 1.02 μm/s ( Figure 4B ). In addition, wild-type SoPIP2;1 and SoPIP2;1 S188E showed very similar water transport rates Figure 4 Functional effect of mercury on wild-type and mutant SoPIP2;1 (A) Typical normalized stopped-flow curves. Proteoliposomes containing wild-type SoPIP2;1 (grey) are activated by the addition of 0.5 mM HgCl 2 (dark grey), whereas the slower control liposomes (light grey) are unaffected (black). (B) The P f for untreated and mercury-treated liposomes containing wild-type SoPIP2;1 or the S188E mutant. The S188E mutant, believed to be locked in an open conformation, shows a significantly higher transport rate (P < 0.05) than wild-type SoPIP2;1. Both are equally fast after treatment with mercury, indicating the existence of a state where the protein is maximally open. Error bars represent the S.E.M. (C) The P f for untreated and mercury-treated liposomes containing wild-type SoPIP2;1 or cysteine-to-serine mutants. All mutants show a similar increase in water transport rate following treatment with 0.5 mM HgCl 2 as wild-type SoPIP2;1. Error bars represent the S.E.M.s.
in the presence of mercury, although factors such as varying protein levels in the two reconstitutions need to be taken into account. Taken together, this suggests that once in the open conformation, the addition of mercury does not cause an increase in water transport, indicating that the activating effect of mercury is coupled with the open or closed state of the channel.
An activating effect of mercury on AQPs has only been reported previously for rat AQP6 [39] . AQP6 is found in intracellular vesicles in renal epithelia and has low intrinsic water permeability. However, when expressed in oocytes, treatment with mercury resulted in a 10-fold increase in water transport. This was accompanied by anion conductance which could also be induced by acidic pH in the absence of mercury. Site-directed mutagenesis has identified Cys 155 and Cys 190 as being responsible for the mercury effect in AQP6 [40] . It was suggested that when mercury binds to these two cysteine residues, AQP6 is trapped in a conformational state which allows water and ion transport. Interestingly, Cys 190 corresponds to Cys 189 in AQP1, the residue known to be involved in mercury inhibition in this and other AQPs, suggesting that the inhibitory effect of mercury on AQPs is not merely a question of whether a cysteine residue is present within the water-conducting pore or not.
Mercury activation of SoPIP2;1 cysteine-to-serine mutants does not significantly differ from wild-type
To investigate which of the cysteine residues in SoPIP2;1 is responsible for mercury activation, we made a series of mutants in which the cysteine residues were replaced with serine. In addition to making the single mutants C69S, C91S, C127S and C132S, we also made the double mutant C127S/C132S as well as the triple mutant C91S/C127S/C132S. The effect of mercury on water transport through these mutants was assayed in liposomes as described above.
In contrast with what could be expected, all SoPIP2;1 mutants displayed a similar response to mercury treatment as wild-type SoPIP2;1 (P > 0.05), with the P f value increasing 59-164 % ( Figure 4C ). One single mutant, C132S, stands out as having a lower degree of activation than the others with only 59 % increase in P f value, however, the double mutant C127S/C132S as well as the triple mutant C91S/C127S/C132S shows no such effect. We therefore conclude that neither C132S nor any of the other cysteine residues investigated in the present study are likely to be involved in mercury activation of SoPIP2;1. This is in striking contrast with AQP6 where the C155A/C190A double mutant displayed negligible mercury activation, identifying these residues as responsible for mercury activation of AQP6 [40] .
Cysteine residues and mercury response in plant AQPs
From analysis of the literature, a complex picture of the relationship between cysteine residues and mercury response in plant AQPs emerges (for a sequence alignment, see Supplementary Fig ure S1 at http://www.biochemj.org/bj/454/bj4540491add.htm). Site-directed mutagenesis identified the cysteine residue responsible for mercury inhibition of two TIPs from A. thaliana as being located in TM helix 3, the same helix as Cys 127 and Cys 132 in SoPIP2;1 [4] . The sequence alignment reveals that although there is no exact match, this cysteine is only two residues away from Cys 132 . However, in a study of eight PIPs from Populus trichocarpa, three variants containing the same cysteine residues as SoPIP2;1, as well as the pin-pointed cysteine from the A. thaliana TIPs displayed varying mercury sensitivity with two being inhibited and one being insensitive [30] . Of the remaining five PIPs included in the study, all were inhibited by mercury despite having the exact same pattern of cysteine residues as SoPIP2;1. Interestingly, a slight increase in water transport after mercury treatment was seen for a cysteine-lacking AQP from the legume Medicago truncatula (MtAQP1) when expressed in oocytes, although this was not commented on by the authors of the paper [41] . Taken together, this raises the possibility that the effect of mercury on plant AQPs might not be attributable to cysteine residues at all.
Physical properties of the lipid bilayer could explain mercury activation
If cysteine residues are not responsible for the mercury response of SoPIP2;1, an alternative could be a secondary effect via changes to the properties of the lipid bilayer. Mercury has been shown to decrease the fluidity of the membrane by binding to the amine head groups of PE (phosphoethanolamine) [42] , the major constituent of the E. coli lipid extracts used for liposomes in the present study. A decrease in membrane fluidity has been connected to a lower transport rate of water and other compounds across the lipid bilayer itself [43] which could explain why in our study control liposome displays a lower P f value (15 % decrease) after mercury treatment. In eukaryotes, membrane fluidity is often regulated by varying the amount of sterols present, with an increase in sterols leading to a stiffer membrane [44] . Plasma membranes from higher plants contain a number of sterol derivatives of which several have shown to significantly alter membrane fluidity [45] .
Many studies have shown that protein-mediated transport is affected by changes in the physical properties of the membrane. It is believed that this could occur via a shift in equilibrium between conformational states [46] . In the case of AQPs, mechanical stimuli has been proposed to gate AQY1 from P. pastoris, for which increased lateral pressure as well as bent membrane induced spontaneous opening of the channel in MD simulations. In addition, stopped-flow measurements of AQY1-mediated water transport displayed a significantly higher water transport rate in liposomes compared with the larger spheroplasts, supporting the suggestion that membrane curvature affects the conformational state of AQY1. The MD simulations revealed how external forces triggering gating could be transmitted from the lipid bilayer to the protein via coupled movements of TM helices 4, 5 and 6, resulting in pore widening around residues Leu 189 , Ala 190 and Val 191 . Together with Tyr 31 , these residues form a constriction site at the cytoplasmic side of the water-conducting pore in an analogous manner to what is seen for SoPIP2;1. It is therefore possible that SoPIP2;1 could respond to mechanical stimuli in a similar way.
Mechanical stimuli has also been suggested to gate AQPs in young corn roots in which case applied pressure pulses resulted in decreased membrane water transport, most likely due to a conformational change of the protein [47] . In addition, a study of human AQP4 revealed that a stiffer membrane due to increased cholesterol amounts resulted in reduced water permeability [48] . The authors argued that this was due to minor conformational changes of the TM helices, suggesting that large structural perturbations are not always necessary in order for mechanical stress to have an effect on water transport through AQPs.
It should be noted that a structural comparison of AQP0 in 2D crystals formed using two different sets of lipids (dimyristoyl phospatatidyl choline and E. coli polar lipids) revealed the structures to be very much the same [49] . However, as pointed out by the authors themselves, although the lipids differ in both head groups and acyl chains, it is possible that the hydrophobic thickness of the lipid bilayers formed are too similar to induce any observable changes to the AQP0 structure. It should also be kept in mind that a crystal environment might not completely mimic the forces exerted by a lipid bilayer in a cell or a liposome and that protein conformational changes could be limited by crystal contacts. Alternatively, it is also possible that different AQPs, although structurally very similar, vary in their sensitivity towards structural perturbations due to mechanical stress.
Taken together, several studies have shown that water transport through AQPs can be affected by mechanical stimuli, one of which could be the fluidic properties of the membrane. It is therefore possible that decreased membrane fluidity affects the conformational state of SoPIP2;1, pushing the equilibrium towards an open conformation. Although in our experimental setup this could be due to mercury binding to lipid head groups, it is plausible that in the plant plasma membrane, such mechanical gating could occur via changes in membrane lipid composition.
Mercury is often seen as a general inhibitor for AQPs and has traditionally been used to prove AQP-mediated transport. Data from the present study emphasize that this is an oversimplification and that there are many exceptions to this rule. In particular for plant AQPs, it is evident that the effect of mercury is more complex than what has been thought previously. Although a cysteine-mediated effect seems immediately obvious, our study on SoPIP2;1 reveals that this is not necessarily always the case and that other factors could play important roles. Most importantly, since mercury inhibition experiments are often performed using proteoliposomes, the possibility of mercury affecting their physical properties which, in turn, could have implications for protein function is a factor that should be taken into consideration. Whether increased membrane stiffness has a physiological role for the gating of SoPIP2;1 remains speculative, and in order to confirm or dispute this further experiments are needed.
By showing that SoPIP2;1 is activated by mercury and that this cannot be attributed to any of its cysteine residues we have significantly contributed to the understanding of how AQPs respond to mercury treatment. In addition, the SoPIP2;1-Hg structure have given important new insights into the function of plant AQPs by revealing a new Cd 2 + -binding site which could have implications for gating. The mutants were generated from the wild-type construct through vector PCR following the protocol from QuikChange ® SiteDirected Mutagenesis Kit (Stratagene). All constructs contained an N-terminal 6×His-tag followed by a thrombin cleavage site and were transformed into an AQY1-deficient strain of P. pastoris GS115 aqy1Δ [1] using electroporation.
AUTHOR CONTRIBUTION
Heterologous membrane protein overproduction
Wild-type and mutant SoPIP2;1 were overproduced in the methylotrophic yeast P. pastoris. The strain was grown in a 3 litre fermentor typically resulting in 280 g cells/l culture after 24 h of methanol induction. An X-press (Biox AB) was used to break the cells and after debris and unbroken cells were removed the membranes were collected using centrifugation (150 000 g, 90 min, 4
• C). The membranes were washed two times, first in urea (4 M urea, 50 mM Tris/HCl, pH 9.5, 2 mM EDTA and 2 mM EGTA), then in 20 mM NaOH to get rid of peripheral membrane proteins. As a last step the membranes were resuspended in resuspension buffer (20 mM Hepes/NaOH, pH 7.0, 50 mM NaCl, 10 % glycerol and 2 mM 2-mercaptoethanol) to a final concentration of approximately 10 mg membrane proteins/ml buffer and stored at − 80
• C until further use.
Purification of protein for functional assays and crystallization
Membranes containing SoPIP2;1 were solubilized in resuspension buffer by drop-wise addition of β-OG (Anatrace) to a final concentration of 5 %. After stirring at room temperature (20 • C) for 30 min, unsolubilized material was spun down at 180 000 g for 30 min at 4
• C. The supernatant was filtered through a 0.45 μm filter and loaded on to a Resource S (GE Healthcare) cation exchange column pre-equilibrated with resuspension buffer plus 1 % β-OG. After washing away unbound material, SoPIP2;1 was eluted using a linear gradient of 50 mM-0.5 M NaCl over five-column volumes. After SDS/PAGE (4-12 % gel) analysis, fractions containing SoPIP2;1 was concentrated in a VivaSpin concentrator with 10 000 molecular mass cut-off (Sartorius Stedim Biotech). The concentrated protein solution was filtered through a 0.2 μm filter and injected on to a Superdex 200 10/300HK gel filtration column (GE Healthcare) equilibrated with 20 mM Tris/HCl, pH 7.5, 100 mM NaCl and 1 % β-OG. Fractions were analysed, pooled and concentrated as described above. The resulting protein concentration was measured using NanoDrop TM (typically 15 mg/ml).
Crystallization
A protein solution of 15 mg/ml was incubated with 5 mM HgCl 2 overnight on ice followed by dilution with buffer (20 mM Tris, pH 7.5, 100 mM NaCl and 1 % β-OG) to wash away excess HgCl 2 . The protein solution was again concentrated to 15 mg/ml and crystallization set-ups were made using the hanging drop vapour diffusion method. The protein solution was mixed in a 1:1 ratio with reservoir solution containing 26 % PEG 400, 25 mM Tris, pH 7.0, and 100 mM NaCl, to which 100 mM CdCl 2 had been added as an additive in a 1:4 ratio. The crystallization set-ups were left to equilibrate at 4
• C. Boat-shaped crystals appeared after a few weeks and were fished and flash-frozen in liquid nitrogen without any additional cryo-protectant.
Data collection and processing
Complete data at 100 K from a frozen crystal was collected on beamline X25 of the NSLS, Brookhaven National Laboratory, U.S.A. Image data were processed and scaled using the HKL2000 package [2] to a resolution of 2.15 Å. Crystals belonged to space group P2 1 2 1 2 1 with two tetramers in the asymmetric unit. The cell dimensions were a = 123.5 Å, b = 141.8 Å, c = 186.5 Å, α = β = γ = 90
• .
Structural determination
Molecular replacement was carried out using the program MOLREP from the CCP4 program suite [3] with a tetramer of the closed structure of SoPIP2;1 at pH 8 (PDB code 1Z98 as the search model). A clear molecular replacement solution was found with a scoring function and R-factor of 56.7 % and 51.0 % respectively was found. The crystal packing was checked using the program Coot [4] and showed no overlaps between molecules. The model was subjected to iterative rounds of refinement in REFMAC5 [5] and CNS [6] with manual rebuilding into CNS-generated composite omit maps between each round. NCS restraints between the eight monomers in the asymmetric unit were used. The final R work and R free for this model is 19.5 % and 22.6 % respectively. The model quality was checked using Procheck [7] . For statistics on data collection, refinement and the model, see Table 1 in the main text. The co-ordinates have been deposited in the PDB under accession code 4JC6. 
